c Methylmercury (MeHg), a neurotoxic substance that accumulates in aquatic food chains and poses a risk to human health, is synthesized by anaerobic microorganisms in the environment. To date, mercury (Hg) methylation has been attributed to sulfateand iron-reducing bacteria (SRB and IRB, respectively). Here we report that a methanogen, Methanospirillum hungatei JF-1, methylated Hg in a sulfide-free medium at comparable rates, but with higher yields, than those observed for some SRB and IRB. Phylogenetic analyses showed that the concatenated orthologs of the Hg methylation proteins HgcA and HgcB from M. hungatei are closely related to those from known SRB and IRB methylators and that they cluster together with proteins from eight other methanogens, suggesting that these methanogens may also methylate Hg. Because all nine methanogens with HgcA and HgcB orthologs belong to the class Methanomicrobia, constituting the late-evolving methanogenic lineage, methanogenic Hg methylation could not be considered an ancient metabolic trait. Our results identify methanogens as a new guild of Hg-methylating microbes with a potentially important role in mineral-poor (sulfate-and iron-limited) anoxic freshwater environments. M ercury (Hg) is a global environmental contaminant whose concentration in the biosphere is increasing as a result of industrial activity. Mercury enters the biosphere mostly in its inorganic form, Hg(II), but public health concerns are focused primarily on the neurotoxic substance monomethylmercury (MeHg). Since MeHg is environmentally persistent and is biomagnified in aquatic food webs (1), in situ methylation reactions critically affect the ecosystem and human health consequences of Hg contamination.
M
ercury (Hg) is a global environmental contaminant whose concentration in the biosphere is increasing as a result of industrial activity. Mercury enters the biosphere mostly in its inorganic form, Hg(II), but public health concerns are focused primarily on the neurotoxic substance monomethylmercury (MeHg). Since MeHg is environmentally persistent and is biomagnified in aquatic food webs (1) , in situ methylation reactions critically affect the ecosystem and human health consequences of Hg contamination.
Methylation of Hg takes place in anoxic environments and is attributed largely to anaerobic microbes (2) . To date, bacteria affiliated with the Deltaproteobacteria, including sulfate-and ironreducing bacteria (SRB and IRB, respectively) have been identified as Hg methylators in environmental incubations and in pure cultures (3) (4) (5) . Indeed, coexisting SRB and IRB may simultaneously contribute to MeHg production in river sediments (6) . Evidence that other anaerobic microorganisms are capable of methylating Hg has remained elusive for decades. Methanogens were initially proposed to be Hg methylators as a conclusion of experiments showing MeHg synthesis in cell extracts of Methanobacterium bryantii (7) (8) (9) . This idea was rejected after later studies identified SRB (3) and IRB (4) (5) (6) as the principal Hg methylators in salt marsh and freshwater sediments and failed to show methylation by methanogens in pure cultures (10) . However, Hamelin et al. (11) recently showed that Hg methylation in periphyton collected from a freshwater lake could be attributed to methanogens, since methylation was abolished by the addition of 2-bromoethane sulfonic acid, a specific inhibitor of methanogenesis, and was stimulated 45-fold over methylation in unamended controls by the addition of molybdate. A corresponding change in the active-community structure, with a higher abundance of methanogens in molybdatetreated periphyton samples, was also noted (11) . The authors, however, did not proceed to examine methylation by methanogens in pure cultures. This possibility was recently highlighted by Parks et al. (12) , who identified putative Hg methylation genes in the genomes of several methanogens. These hgcA and hgcB gene homologs in the genomes of methanogens and other microbes could be used to explore the origin and evolution of Hg methylation by relating organisms and gene phylogenies to known events in the history of life on Earth (13) . This approach is particularly powerful for examining the impact of Earth oxygenation on traits critical to the metabolism of redox-sensitive metals (14, 15) . Here we clearly establish methanogens as a new guild of Hg methylators by showing that the methanogen Methanospirillum hungatei JF-1 (DSM 864) methylates Hg with methylation rates and yields similar to those of some known methylators from the SRB and IRB guilds. Furthermore, phylogenetic reconstruction of Hgc orthologs and their relationships to established archaeal phylogenies (16, 17) suggest that methylation is not an ancient metabolic trait.
MATERIALS AND METHODS
Microorganisms and culture conditions. Strains M. hungatei JF-1 (DSM 864) and Desulfovibrio africanus subsp. africanus Benghazi (DSM 2603) were purchased from the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ). Strain JF-1 was cultured as recommended by the DSMZ (medium 119, with H 2 and Na-formate as electron donors and with Na-bicarbonate as the electron acceptor). D. africanus and Desulfovibrio desulfuricans ND132, a gift from C. Gilmour, were grown in the medium of Widdel and Bak (18) by using lactate as the electron donor and sulfate as the acceptor at 32°C. To compare the Hg methylation activities in sulfate-free medium, these two strains were also cultured in a modified SRB medium (19) containing 40 mM pyruvate (electron donor) and 40 mM fumarate (electron acceptor). Geobacter sulfurreducens PCA, a gift from D. Lovley, was cultured in modified ferric citrate-supplemented ATCC medium 1957 using acetate (60 mM) as an electron donor and a carbon source at 30°C. All cultures were grown in serum bottles (130 ml) (Wheaton, Millville, NJ) with a 50%-to-50% ratio of liquid to gas, by volume. The gas mixture was provided as recommended in the original medium formulations. Most media were reduced with 0.25 mM titanium(III) (in 100 M nitrilotriacetic acid [NTA] ) in order to minimize the influence of sulfide complexation with Hg on methylation (20) . For example, the reducing agent Na 2 S in medium 119 for M. hungatei was replaced with Ti(III)-NTA. Prior to Hg methylation experiments, the purity of all strains was confirmed by sequencing of 16S rRNA genes. All manipulations were performed under strictly anaerobic conditions using O 2 -free gases obtained by passage through a reduced hot copper column for bench handling, or in an anaerobic glove box (Coy Laboratory Products Inc., Grass Lake, MI) with a gas mixture of 95% nitrogen and 5% hydrogen.
Mercury methylation. Methylation assays were initiated with exponentially growing cultures. Because Desulfovibrio spp. were grown under sulfidogenic conditions for these assays, cultures of all strains were first washed with a sulfide-free medium under strictly anaerobic conditions to remove all traces of sulfide and other metabolic by-products. For each strain, the cells were diluted in a fresh growth medium to a final density of 2. ; kindly provided by Christy C. Bridges) was injected into 70-ml cultures in serum bottles to a final concentration of 9.7 to 10.3 nM, and cultures were then statically incubated at either 32 or 37°C in the dark. Ten-milliliter aliquots were withdrawn with a syringe at daily intervals for 5 days for MeHg extraction, and a similar volume of O 2 -free 100% N 2 was added to the bottles to maintain constant pressure. CH 3 203 Hg formed by cultures was extracted into a toluene phase as described previously (10) . Levels of MeHg recovery ranged from 90 to 98%. Potential initial Hg methylation rates (fmol MeHg g protein Ϫ1 day Ϫ1 ) were calculated from the linear range of lines describing MeHg concentrations versus time (0 to 32 h for M. hungatei at 32°C, D. desulfuricans, and D. africanus, and 0 to 12 h for G. sulfurreducens and M. hungatei at 37°C). Measured radioactivities were corrected for decay and were converted to the mass of MeHg by using the known specific activity of the isotope.
In order to confirm the production of MeHg, D. africanus and M. hungatei cultures and control treatments were spiked with nonradioactive HgCl 2 (30 nM) as described above. MeHg was analyzed after 2 days of incubation by cold vapor atomic fluorescence spectrometry (CVAFS) with a Tekran model 2500 spectrophotometer (Tekran Instruments Corp., Toronto, ON, Canada) following aqueous ethylation with sodium tetraethylborate and separation by gas chromatography (GC) using a modification of EPA method 1630 (21) . Percentages of MeHg recovery ranged from 80 to 97%. Differences among treatments or strains were analyzed by analysis of variance (ANOVA) followed by a post hoc test (Tukey's honest significant difference, one-way) using SAS software (SAS Institute, Cary, NC).
Protein assays. Cell growth during Hg methylation assays was monitored by the change in protein concentrations. One-milliliter aliquots were removed at the same time points at which MeHg concentrations were determined and were centrifuged to pellet the cells. Cell pellets were stored at Ϫ20°C prior to analyses. Thawed cell pellets were resuspended in 0.3 ml of filtered (pore size, 0.22 m) Milli-Q water and 0.1 ml of 0.5 N NaOH, and the suspensions were heated to 85°C for 30 min (22) . Protein concentrations in processed samples, including similarly treated bovine serum albumin (BSA) standards, were then measured by the Bradford protein assay as described by the manufacturer (Bio-Rad Laboratories, Hercules, CA) in 96-well microtiter plates. The A 595 of samples after 20 min of incubation was measured by a Tecan Sunrise microplate reader (Phenix Research Products) with advanced Magellan data reduction software.
Phylogenetic analysis. The Mhun_0876 (HgcA ortholog) and Mhun_0875 (HgcB ortholog) loci in M. hungatei (12) were used as queries to identify homologous proteins in methanogens, known Hg methylators, and other microbes using BLASTp searches. A total of 33 HgcA and 10 HgcB orthologs (or paralogs thereof) from methanogens were included in the phylogenetic analysis. The classification of the orthologs and their similarities to the HgcA and HgcB proteins of strains D. desulfuricans ND132 and G. sulfurreducens PCA were analyzed by the Pfam database (23) . Gene positions in genomes were checked by the Seed server (24) .
HgcA and HgcB orthologs from methanogens, known Hg methylators, and other microbes, and their paralogs from Syntrophobacter fumaroxidans MPOB, a confirmed nonmethylator (25) , used here as an outgroup, were aligned using Clustal W2 and Clustal X (26) . The alignment blocks of HgcA and HgcB were concatenated (degenerated ends of concatenated HgcA and HgcB were trimmed from 444 to 422 amino acids) for multilocus sequence analysis (27) (28) (29) . Phylogenetic reconstructions of HgcA, HgcB, and of concatenated HgcA and HgcB were performed by using PhyML (30) and PHYLIP, version 3.69 (31) , with LG and JTT models for protein substitution, respectively. The phylogeny of concatenated HgcA and HgcB orthologs was also evaluated by MrBayes (version 3.2.1) (32) with default settings and the mixed models for amino acids with gamma-distributed rate variation across sites modified from the methods described by Wang et al. (33) . Tree topologies were sampled every 1,000 generations over a total of 1,000,000 generations. A majority rule consensus tree is calculated from the set of trees that are left after discarding the initial 25% trees as the burn-in.
Phylogenetic trees were outgrouped by a paralog containing corrinoid and ferredoxin domains from S. fumaroxidans MPOB (accession no. YP_846677) for HgcA analyses (see Fig. S3 in the supplemental material), by a ferredoxin paralog from Methanoplanus petrolearius DSM 11571 (accession no. YP_003894799) for HgcB analyses (see Fig. S4 in the supplemental material), or by a group of paralogs from Pyrococcus furiosus DSM 3638, S. fumaroxidans MPOB, Methanococcus maripaludis C5, Methanobacterium formicicum DSM 3637, and/or Desulfotomaculum kuznetsovii DSM 6115 for the concatenated HgcA and HgcB analyses (see Fig. 3 ; see also (Fig. 1a) . In separate cultures, the production of MeHg by M. hungatei JF-1 was confirmed by sample distillation, GC separation of ethylated derivatives, and detection by cold vapor atomic fluorescence spectrometry (Fig. 1b) . Here M. hungatei JF-1 produced 1.39 nM MeHg, an amountϾ170-fold greater than that in the killed controls and uninoculated media.
Interestingly, methylation was greatly enhanced when we substituted TiCl 3 for the recommended reducing agent, Na 2 S (Fig.  1a) . Methylation in the TiCl 3 -reduced medium was 15-fold higher than that in the Na 2 S-reduced medium, even though the 5-day growth yields of M. hungatei in the two media were similar (see Fig. S1b in the supplemental material) . Decreased Hg methylation in the Na 2 S-reduced medium was likely due to the binding of Hg(II) by sulfide, which lowers Hg(II) bioavailability, as is well documented for methylating SRB in pure cultures and environmental incubations (36, 37) . Indeed, we observed relatively low methylation activity in cultures of D. africanus (DSM 2603) grown under sulfate-reducing conditions (Fig. 1a and b) . The inhibitory effect of sulfide on Hg(II) availability may explain why some prior studies failed to detect Hg methylation in methanogens.
Specific Hg methylation rates normalized to protein biomass levels and MeHg yields of M. hungatei were compared to those of model methylating bacteria: two SRB strains, D. desulfuricans ND132 (19) and D. africanus (38) , grown without sulfate to avoid sulfide inhibition, and one IRB strain, G. sulfurreducens PCA (5), grown with ferric citrate and acetate (Fig. 2) .
The SRB strains were tested under sulfate-free conditions (with fumarate as the electron acceptor), which resulted in methylation yields higher than those obtained when the strains were grown with sulfate (19) . This difference is apparent when the level of methylation by D. africanus grown with lactate and sulfate (Fig. 1 ) is compared to that in a medium with pyruvate and fumarate (Fig.  2) . Obviously, the production of sulfide limited methylation under the former conditions. While M. hungatei had specific methylation rates lower than those of D. desulfuricans ND132 and D. africanus, and comparable to those of G. sulfurreducens, its 5-day maximum yield of MeHg at 32°C was significantly higher than those of D. africanus and G. sulfurreducens PCA (P, Ͻ0.01) (Fig.  2) . At 37°C, this yield was still significantly higher than that of strain PCA but comparable to that of D. africanus. The relationships between specific rates and yields are greatly impacted by the higher cell biomass of strains PCA and JF-1, which grew actively during the 5 days of incubation, than of the two sulfate reducers (see Fig. S2b in the supplemental material) .
To the best of our knowledge, this is the first report of Hg methylation by a pure methanogenic culture. The results reported here, together with those of Hamelin et al. (11) showing that methanogens played a role in Hg methylation in a lake periphyton community, clearly establish methanogens as a new microbial guild of Hg methylators in addition to previously identified methylating SRB and IRB.
The presence of the protein orthologs HgcA (Mhun_0876) and HgcB (Mhun_0875) in the genome of M. hungatei JF-1 may suggest that the Hg methylation mechanism of this methanogen is similar to that of bacterial methylation. Future knockout and complementation studies should clearly test the function of putative methylation genes in this and other methanogens with hgcA and hgcB homologs. Protein BLAST searches and genome comparison analyses showed that the putative HgcA (342 amino acids) of M. hungatei had similarities of 45% and 40% to the protein in G. sulfurreducens PCA and D. desulfuricans ND132, respectively. M. hungatei HgcB (102 amino acids) was 49% similar to the HgcB of strain PCA and 40% similar to that of strain ND132.
Phylogenetic analysis of HgcA and HgcB. Previous phylogenetic analyses (based on 16S rRNA genes) failed to show evolutionary relationships among Hg-methylating bacteria (6, 25, 37) . The identification of HgcA (a corrinoid iron-sulfur protein) and HgcB (a 2[4Fe-4S] ferredoxin) as two essential proteins for Hg methylation in strains ND132 (SRB) and PCA (IRB) (12) supports the hypothesis that corrinoid enzymes are involved in Hg methylation (39, 40) and enables a phylogenetic analysis of these putative functional proteins in microbial genomes among Hg methylators. This analysis may lead to an understanding of how Hg methylation has evolved and what ecological significance it might have (41) .
We analyzed the similarities and possible evolutionary relationships of the putative Hg methylation proteins of M. hungatei and other methanogens with those of known methylators (see Fig.  S3 and S4 in the supplemental material). Phylogenetic analyses showed that HgcA-and HgcB-like proteins from M. hungatei clustered tightly with orthologs from eight other species of meth- anogens and that this whole group of nine methanogens was strongly affiliated with confirmed Hg-methylating strains of the Geobacter and Desulfovibrio-Desulfobulbus groups (see Fig. S3 and S4). Paralogs of HgcA proteins from all other methanogens formed a large, distant group (see Fig. S3 ). The strongly supported clustering of HgcA with sequences of known proteobacterial methylators rather than with its CdhD paralogs from methanogens suggests that the eight untested methanogens may also methylate Hg. Multilocus sequence analyses of concatenated HgcA and HgcB orthologs from species that contain both HgcA-and HgcBlike proteins further confirmed the occurrence of M. hungatei within a cluster of nine methanogens that is closely associated with known SRB and IRB methylators (Fig. 3) . Maximum likelihood analysis showed a similar clustering pattern of the concatenated HgcA and HgcB (see Fig. S5 in the supplemental material). Thus, the phylogenetic analysis is consistent with our finding that M. hungatei is a Hg-methylating microorganism and suggests that at least eight other methanogens, all belonging to the Methanomicrobia class in the Euryarchaeota, also methylate Hg. The demonstration of methylation by M. hungatei, a methanogen with HgcA and HgcB orthologs, sheds new light on prior attempts to study methylation by methanogens. Pak and Bartha (42) failed to detect MeHg formation by Methanococcus maripaludis ATCC 43000, a result that could be now explained by the absence of HgcA and HgcB orthologs, although paralogous CdhD proteins are present in the genome of that strain (see Fig. S3 in the  supplemental material) . Surprisingly, the genome of M. bryantii, which was used by Wood et al. (7) in the first demonstration of microbial methylation in cell extracts, does not include either orthologs or paralogs of HgcA and HgcB. Hg methylation in M. bryantii may therefore follow a biochemical pathway different from that proposed for species with HgcA and HgcB. The possibility that one or more other methylation pathways may exist among methanogens that do not belong to the Methanomicrobia is supported by the findings of Hamelin et al. (11) , who showed that methanogens affiliated with the Methanobacteriales and Methanococcales, both orders belonging to early evolving class I methanogens (17, 43) , dominated the active community of lake periphyton, where methanogens were documented to be the principal methylators.
Evolutionary and ecological significance of mercury methylation by methanogens. The phylogenetic analyses employed here do not clearly suggest an ancestry and evolutionary path for Hg methylation. While the two concatenated HgcA and HgcB phylogenies place the Hg-methylating methanogens basal to bacterial clades, the branching points separating the clades are poorly supported in both trees ( Fig. 3 ; see also Fig. S5 in the supplemental  material) . Furthermore, the methanogenic HgcA cluster branches as a late lineage in the HgcA tree (see Fig. S3 in the supplemental  material) . Obviously, more-robust phylogenetic analyses are needed to support a hypothesis about how Hg methylation genes have evolved among anaerobic microbes.
Fossil evidence dates methanogenesis back to ϳ2.8 billion years ago (43) , and methanogens therefore are considered an ancient microbial guild (16, 17) . Methanogens belong to two archaeal lineages: an earlier lineage consisting of Methanopyrales, Methanobacteriales, and Methanococcales (the so-called class I methanogens) and a later one (class II) consisting of Methanomicrobiales, Methanocellales, and Methonosarcinales (together, the class Methanomicrobia) (16, 43) . All methanogens possessing hgcA and hgcB gene homologs are members of the Methanomicrobia (12) . Because the Methanomicrobia likely share a common ancestor with the Halobacteria (16, 43) , a lineage consisting of aerobic halophiles, they might have diversified after the oxygenation of Earth ϳ2.4 billion years ago. Thus, methanogenic mercury methylation may not be an ancient physiological trait but rather a trait that arose during a period of redox transition in the biosphere. How this transition affected Hg speciation and gave rise to methylation may be one of the more interesting questions raised by our study.
Methanogens are widely distributed in natural habitats where Hg methylation is documented, such as wetland soils, peatlands, sediments of freshwater rivers and lakes, and near-shore and oceanic sea floor (44) (45) (46) . Methanogenesis is a common terminal process of organic carbon mineralization in anoxic environments and a key process in the global carbon cycle that returns 1% of photosynthetically fixed CO 2 to the atmosphere as methane (47) , thus enhancing global warming. Many studies of Hg methylation in freshwater lakes and wetlands have focused on methanogenic environments (2, 48) . Therefore, it is surprising that methanogens have been identified as methylators in environmental incubations only once (11) since 1985, while SRB have been identified multiple times as the principal methylators (3, 48) . Thus, the discovery of Hg methylation by a methanogen raises questions regarding the environmental significance of this process. The discovery of proteins required for Hg methylation in SRB, IRB, and methanogens (12) , including the Hg methylator M. hungatei, should assist in the delineation of processes and factors that control which microbial guilds methylate Hg in various environments.
Mercury methylation is a complicated biological process influenced by a variety of abiotic and biotic factors (19, 37) . Our study suggests that methanogens could be important contributors to MeHg production in mineral-poor [sulfate-and Fe(III)-limited] anoxic environments. This discovery provides new insight into Hg biogeochemistry and should help elucidate patterns of environmental MeHg production and assist in MeHg remediation in contaminated environments.
